Introduction
The importance of droplet and particle radiative heating in various engineering applications has been extensively discussed in the literature ͑e.g., Refs. ͓1-4͔͒. A more specific analysis of the effects of thermal radiation on the processes in diesel engines were reported in Refs. ͓5-8͔. In the later paper, it was indicated that the effect of thermal radiation on droplet heating in diesel engines is expected to be particularly strong if the fuel injection takes place at a time when autoignition has already occurred. In this case, the temperature of the remote flame, responsible for droplet radiative heating, is much higher than the ambient gas temperature, responsible for droplet convective heating.
In a series of papers, simplified yet accurate models describing the thermal radiation absorption in diesel fuel droplets have been developed. In the model suggested in Ref. ͓9͔ and further developed in Ref. ͓10͔ , detailed Mie calculations were replaced by the approximation of the absorption efficiency factor for droplets with an analytical formula aR d b , where R d is the droplet radius and a and b are polynomials ͑quadratic functions in most cases͒ of the gas temperature. The coefficients of these polynomials were found by comparison with rigorous computations for realistic diesel fuel droplets, assuming that these droplets are irradiated by blackbody thermal radiation. This model allowed the authors to attain a reasonable compromise between accuracy and computational efficiency. This is particularly important for the implementation of the thermal radiation model into multidimensional computational fluid dynamics ͑CFD͒ codes designed to simulate combustion processes in diesel engines ͓11͔.
In Refs. ͓12-15͔ more advanced models for radiation absorption in diesel fuel droplets have been developed. These take into account the distribution of absorption inside droplets. None of these models, however, seem to be suitable for implementation into CFD codes due to excessive CPU requirements ͓16-19͔. Therefore in practical applications, implementing the distribution of radiation absorption inside droplets seems to be of limited potential. There are two main shortcomings in the model developed in Refs. ͓9,10͔. First, the analysis of these papers was focused only on diesel fuels ͑although various types of these fuels were considered in Ref. ͓10͔͒. Second, the accuracy of the aforementioned approximation of the absorption efficiency factor was shown to be rather poor when the range of droplet radii was large ͑typical values of droplet radii in diesel engines are in the range 2 -200 m͒. The focus of this paper is mainly to address these matters.
The results of experimental studies of the optical properties of gasoline fuel ͑BP Pump Grade 95 RON ULG͒, 3-pentanone, and 2,2,4-trimethylpentane ͑iso-octane͒ are presented and discussed in Sec. 2. The results are compared with the results for diesel fuel reported earlier in Ref. ͓10͔ . A new approximation for the efficiency factor of absorption of all these fuels in a wide range of droplet radii is suggested and discussed in Sec. 3. The results predicted by various approximations are compared in Sec. 4. In Sec. 5 the new approximation for the efficiency factor of absorption is applied to simulate heating and evaporation of fuel droplets. The main results of the paper are summarized in Sec. 6.
Optical Properties of Fuels
Three fuels ͑i͒ gasoline fuel ͑BP Pump Grade 95 RON ULG͒; ͑ii͒ iso-octane ͑CH 3 ͒ 2 CHCH 2 C͑CH 3 ͒ 3 ; and ͑iii͒ 3-pentanone CH 3 CH 2 COCH 2 CH 3 were used for the analyses. Iso-octane and 3-pentanone are most often used in experimental studies of gasoline fuel sprays and mixture preparation: iso-octane is 100 RON gasoline and 3-pentanone is used as a fluorescent dopant for laser induced fluorescence ͑LIF͒. The results were compared with the earlier results for low sulphur ESSO AF1313 diesel fuel, hereafter referred to as diesel fuel. The absorption coefficients of fuels were measured in the ranges 0.2-0.8 m and 0.4-4 m. Ultraviolet ͑UV͒-visible spectra ͑0.2-0.8 m͒ were obtained using a UVvisible spectrophotometer Shimadzu, model 1601. The spectra were recorded in a 1 cm quartz cell for samples diluted with n-hexane. In the range 0.4-4 m the absorption coefficients were measured using a Fourier transform infrared ͑FTIR͒ spectrometer, ͑Nicolet FT-IR Avatar͒. A resolution of 8 cm −1 was used, recording 32 scans in a NaCl cell with an optical pathlength of 0.025 mm. The background was recorded as the empty NaCl cell. All samples were diluted with chloroform and all measurements were carried out at room temperature. In all cases, the dilution was used when the value of the absorption coefficient exceeded the measuring limit of the instrument. The corrections for dilutions were made. In contrast to the case previously reported in Ref. ͓10͔, infrared spectra ͑4-6 m͒ could not be measured, as the FTIR spectrometer ͑Nicolet FT-IR Nexus͒ was not operational. The measurement error for the absorption coefficient was approximately 5% across the whole range of wavelengths.
In the range 0.4-0.8 m the difference between the results obtained using these methods was generally small. Over this range the results obtained using a UV-visible spectrophotometer were considered to be more reliable than those obtained using a Fourier transform infrared spectrometer. The reason for this is that as one approaches the upper and lower measurement limits of the spectrometer the signal to noise ratio decreases, leading to incorrect readings.
Results of the calculation of the indices of absorption for all three fuels, based on the measurements of the corresponding absorption coefficient, are presented in Fig. 1 . In the same figure, the previously reported plot in Ref. ͓10͔ of versus for diesel fuel is reproduced. About 2300 individual measurements were used for presenting each of these plots. As can be seen in Fig. 1 , the dependence of on the type of fuel is noticeable, and there are a number of similarities between the plots. For all fuels, the region of semi-transparency in the range 0.5 m ϽϽ1 m is evident. The index of absorption increases by approximately three orders of magnitude when increases from 0.5 m to 1.5 m. At the same time, some noticeable differences between the indices of absorption of the fuels can be identified. For example, the peak of absorption of diesel fuel at Ϸ 3.4 m is much more pronounced than the corresponding peaks of absorption of the other fuels. Also the value of when this peak is observed is shifted from 3.4 m for diesel fuel to approximately 3.0 m for other fuels.
Strong peaks at around 3.5 m are related to C -H stretch vibrations of nonaromatic molecules, occurring in the range of 3.3-3.5 m. Less intense peaks at around 3.0 m are most likely due to the presence of aromatic hydrocarbons, in which C -H stretch vibrations from benzene rings are expected. This is supported by the absorbance at around 0.25 m which is characteristic of the -electron transitions in the aromatic benzene ring. Aromatic hydrocarbons are added to gasoline to increase its octane number.
The differences in the optical properties of the fuels shown in Fig. 1 are expected to produce different values of the average absorption efficiency factors of fuel droplets ͑see Sec. 3͒.
Index of refraction measurements were conducted using the ABBE 60 direct reading refractometer at room temperature. This index was measured by turning a dual prism combination through an angle, which is proportional to the refractive index of liquid placed between the two prisms. The light source was white. It was emitted from a tungsten lamp. The angle of light emerging from the combination of prisms was measured using a telescope that moved over a calibrated refractive index scale. The telescope was focused on the edge of the light beam, which showed up as a dark edge in the field of view. The values of refractive indices for the three fuels were: gasoline ͑n = 1.394± 0.001͒; iso-octane ͑n = 1.389± 0.001͒, and 3-pentanone ͑n = 1.390± 0.001͒. The measurement of the index of refraction for diesel fuel was n = 1.460 with similar error except in the region of strong absorption ͑ Ϸ 3.4 m͒ ͓20͔. The relatively weak dependence of n on for diesel fuel has only a minor effect on the efficiency factor of absorption of this fuel ͓20͔. Therefore, this dependence can be ignored when this factor is calculated for diesel fuel ͓10͔. We assume that this conclusion remains valid for other fuels.
Average Efficiency Factor of Absorption
Following Refs. ͓9,10,21͔ the absorption efficiency factor of droplets Q a at a given wavelength obtained using detailed Mie calculations, is approximated as
where x =2R d / is the droplet diffraction parameter ͑cf. Fig. 1 , it is assumed that the dependence of the incoming radiation intensity on is close to that of a blackbody. Using Eq. ͑1͒ the averaged ͑over wavelengths͒ absorption efficiency factor of droplets is calculated as 
where C 2 = 1.439ϫ 10 4 m K and R is the radiation temperature. This temperature is equal to the external temperature responsible for radiative heating, T ext , in the case of an optically thin gas and to gas temperature, T g , in the case of an optically thick gas.
The accuracy of Eq. ͑2͒ increases with the increased separation between 1 and 2 . The separation is limited by the available experimental facilities. In our case this range is between 0.2 m and 4 m. This, however, is not the major limitation of the model; over the range of the most important radiation temperatures for diesel engine applications ͑1000-3000 K͒, the values of at which the intensity of blackbody radiation is maximum ͑ max ͒, lie in the range between 0.97 m and 2.90 m. Since these values of max lie in the range of wavelengths at which the measurements were performed and the intensity of thermal radiation decreases rapidly when ͉ − max ͉ increases, it can be assumed that limits 0.2 m and 4 m for provide reasonably accurate values of Q a as predicted by Eq. ͑2͒.
To illustrate the effect of the range of on the value of Q a , the calculations have been performed for low sulphur ESSO AF1313 diesel fuel in the range 0.2-4 m, using data for shown in Fig.  1 and for the same fuel in the range 0.2-6 m, using data for reported in Ref. ͓10͔ . The results of these calculations are shown in Fig. 2 in the form of the plots of Q a versus droplet radius, for three radiation temperatures: 1000 K, 2000 K, and 3000 K. The curves calculated in these ranges are close for all three temperatures. Except for the smallest droplet radii, the deviation between these curves does not exceed 10%. This is comparable with the errors introduced by a number of other assumptions in the model. These include errors introduced by approximation ͑1͒ ͑see Ref. ͓9͔ for the analysis of the accuracy of this approximation͒ and errors introduced by the assumption that the external radiation is that of a blackbody.
The contribution of thermal radiation absorption at Ͻ 0.2 m can be safely ignored for all three temperatures ͑it is well below 0.03%͒. The maximal possible contribution of thermal radiation absorption at Ͼ6 m ͑assuming that all external radiation at these wavelengths is absorbed in droplets͒ is expected to be 26% for R = 1000 K, 5% for R = 2000 K, and 2% for R = 3000 K. A more realistic contribution of thermal radiation absorption in this range of is expected only from a strong absorption band in the 6.8-7.5 m region. In the case of R = 1000 K, R = 2000 K, and R = 3000 K, the maximal contribution from the later range is estimated to be 3.8%, 0.9%, and Ͻ0.3%, respectively. This is well below the errors shown in Fig. 2 . Hence, the application of data presented in Fig. 1 for calculation of Q a based on Eq. ͑2͒ can be justified.
Following Refs. ͓9,10͔, the results of the calculation of Q a based on Eq. ͑2͒ are approximated by the following expression
, it was assumed that N = 2. In Ref. ͓10͔ both N =2 and N = 4 were considered and it was shown that the fourth-order approximation is particularly important when the radiation temperatures are less than 1000 K ͑when the overall contribution of the thermal radiation in the process of droplet heating is small͒. For radiation temperatures equal to or greater than 1000 K, approximations ͑4͒ and ͑5͒ with N = 2 were used.
The coefficients a i and b i in Eqs. ͑4͒ and ͑5͒ were obtained by curve fitting and direct comparison of the values of ⌳ predicted by Eq. ͑3͒ and Q a predicted by Eq. ͑2͒. Approximation ͑3͒ for N =2 shows good agreement with Eq. ͑2͒ for R d in the range 5 -50 m, but less so for R d in the range 2 -200 m.
Here, in contrast to Refs. ͓9,10͔, approximations ͑4͒ and ͑5͒ are not used for the entire range of droplet radii ͑2 -200 m͒, but in subranges over R d . Taking N = 2, the values of coefficients a i and b i in various subranges over R d and various fuels have been calculated. The results are shown in Table 1 .
For N = 4, approximations ͑4͒ and ͑5͒ with the same coefficients a i and b i were used in the entire range of droplet radii 2 -200 m.
The corresponding values of coefficients a i and b i are shown in Table 2 . Finally, approximations ͑4͒ and ͑5͒ for N = 2 with the same coefficients a i and b i were used in the entire range of droplet radii 2 -200 m. The corresponding values of coefficients a i and b i are shown in Table 3 . Note that the values of these coefficients for diesel fuel differ slightly from the values given in Ref. ͓10͔. This is attributed to different ranges of used in the current analysis.
The values of ⌳ predicted by Eq. ͑3͒ and Q a predicted by Eq. ͑2͒ for various approximations of a and b are compared in Sec. 4. 
Comparison of the Results
The plots of Q a and three approximations ⌳ for diesel fuel versus R d are shown in Fig. 3 for the range 2 -200 m. As can be seen from this figure, the piecewise quadratic approximation for coefficients a and b accurately predicts the values of ⌳. The values of ⌳ based on quadratic and fourth-power approximations over the whole range of R d are noticeably different from Q a . The piecewise quadratic approximation for coefficients a and b is therefore expected to be of use in practical engineering applications, including CFD codes.
The same conclusion was drawn for gasoline ͑Fig. 4͒, isooctane ͑Fig. 5͒, and 3-pentanone ͑Fig. 6͒. Note that the temperature effect on Q a is greatest for diesel fuel. The maximum values of Q a are greater for diesel and gasoline fuels than for iso-octane and 3-pentanone. For all fuels, the values of Q a decrease with increasing external temperature in agreement with the results reported earlier in Refs. ͓9,10͔.
Applications
To illustrate the effect of thermal radiation on diesel fuel droplet heating and evaporation, the time evolution of radius and surface temperature of a droplet was considered. A droplet at room temperature ͑T d0 = 300 K͒ and with initial radius equal to 10 m was injected into air with ambient temperature of 600 K and pressure of 3 MPa. The initial velocity of the droplet was taken to be 1 m / s. The overall volume of injected liquid fuel was taken as Table 1 The coefficients a i and b i calculated for various ranges of R d and various fuels, assuming that N = 2 and R d is in m. 3 . This volume was calculated using the assumption that diesel fuel can be approximated as n-dodecane ͑C 12 H 26 ͒ and that the initial gas temperature is equal to 600 K. In this case, provided that all fuel is evaporated without combusting, the fuel vapor/air mixture is expected to become close to stoichiometric ͓22͔. The temperature dependence of all transport coefficients and density was taken into account. The relevant approximations are presented and discussed in Ref. ͓22͔. The droplet was irradiated homogeneously from all directions by external thermal radiation from a source at temperatures in the range from 1000 K to 3000 K. This is a rather idealized case, as in diesel engines the droplets are likely to be irradiated from one side only ͓23͔ ͑see Ref. ͓14͔ for a detailed mathematical analysis of this case͒. To take into account the effect of asymmetrical irradiation of droplets, the actual power absorbed by droplets could be halved, compared with the case of homogeneous irradiation. Alternatively, this effect can be accounted for by the corresponding adjustment of the radiation temperature. The integral effect of symmetrical radiative heating of droplets by the source at temperature R is approximately equivalent to the effect of asymmetrical droplet heating by a source at temperature R͑eff͒ =2 1/4 R = 1.19 R . As pointed out in Refs. ͓17,18,24͔, the effect of nonhomogeneous, but spherically symmetrical, distribution of the radiative heating inside a droplet is insignificant when the radiative heating of droplets takes place simultaneously with convective heating. We anticipate that this conclusion is valid in the case of asymmetrical droplet radiative heating.
The effect of thermal radiation was taken into account using the new model based on the piecewise approximation of the coefficients a and b in Eq. ͑3͒ ͑see Table 1͒ for T ext = 1000 K, 2000 K, and 3000 K, and the model based on the single quadratic approximations of these coefficients ͑see Table 3͒ for T ext = 3000 K. The predictions of the model based on the single fourth power approximations are expected to lie between the predictions of these two models.
The liquid and gas phase models used in the analysis are summarized in Appendix A. The solutions in both these phases are fully coupled.
The plots of T s and R d for diesel fuel versus time with and without taking into account the effect of thermal radiation are shown in Fig. 7 . The droplet radius initially increases due to thermal expansion of liquid fuel, until the effect of evaporation dominates. In the case of T ext = 1000 K, the effect of thermal radiation on droplet evaporation is small. This effect visibly increases when 
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Transactions of the ASME the external temperature increases to 2000 K and 3000 K ͑the lifetime of a droplet becomes shorter͒. In the case without radiation, the droplet surface temperature monotonically increases until it reaches the wet bulb temperature. When the effect of thermal radiation is taken into account, the surface temperature reaches a maximum value before it reduces to the same wet bulb temperature. This effect was discussed in detail in Ref.
͓24͔.
The plots calculated using the model based on the piecewise approximation of the coefficients a and b in Eq. ͑3͒ and the model based on the single quadratic approximations of these coefficients are nearly coincident for T ext = 3000 K. These curves are expected to be even closer for lower external temperatures. This happens despite the fact that the values of the average absorption efficiency factors predicted by these models are visibly different ͑see Fig. 3͒ . Thus, in many practical applications, including modeling of heating and evaporation of droplets, the high accuracy of the approximation of the average absorption efficiency factor, provided by the model based on a piecewise approximation of the coefficients a and b, is not always required. However, since the computer requirements of the implementation of this new model are all but the same as those of the model based on the single quadratic approximations of these coefficients, the application of the new model is recommended in all cases.
Plots similar to those shown in Fig. 7 but for gasoline fuel are presented in Fig. 8 . The physical properties of the gasoline fuel used in our study are shown in Appendix B. In contrast to diesel fuel, gasoline fuel is injected into a gas volume of 620 mm 3 . The volume was calculated under the assumption that gasoline fuel can be approximated as C 7.9 H 17.8 . In this case, provided that all gasoline fuel is evaporated without combusting, the fuel vapor/air mixture is expected to become close to stoichiometric, as in the case of diesel fuel. The general shapes of the curves shown in
Figs. 7 and 8 are rather similar, except that the difference between the curves calculated using the model based on the piecewise approximation of the coefficients a and b in Eq. ͑3͒ and the model based on the single quadratic approximations of these coefficients, is more pronounced in the case of Fig. 8 than Fig. 7 . This justifies the application of the new model in the case of gasoline.
The iso-octane and 3-pentanone cases are presented in Figs. 9 and 10, respectively. The physical properties of iso-octane and 3-pentanone are shown in Appendix B. These fuels were injected into gas volumes of 625 mm 3 and 712 mm 3 , respectively. Comparison of Figs. 9 and 10 and Figs. 7 and 8 shows that the effect of radiation on heating and evaporation of iso-octane and 3-pentanone is noticeably weaker than in the case of diesel fuel and gasoline. This agrees with the results presented in Figs. 3-6 . Also, the choice of the approximation of the average absorption efficiency factor is more important for iso-octane than for 3-pentanone.
Note that we can draw a parallel between the results presented in Figs. 7-10 of this paper and some earlier results obtained in our group and well known results. As already mentioned, the droplet heating and evaporation in realistic diesel engine conditions was shown to be practically independent of the detailed distribution of radiative heating inside the droplets ͓17,18,24͔. Also, the replacement of the actual distribution of temperature inside droplets by a Fig. 9 The same as Figs. 7 and 8 but for iso-octane, injected into a gas volume equal to 625 mm 3 rather crude parabolic approximation was shown to lead to insignificant changes of the predicted droplet heating and evaporation ͓18,25͔. Similar phenomenon is well known in the boundary layer theory, when the details of the velocity profile near the boundaries have relatively small effects of the integral characteristics such as drag and lift forces ͓26͔. This property of the boundary layers is widely used in CFD codes when a detailed calculation of the velocity profiles near the boundaries is replaced by modeling these profiles ͓27͔. All abovementioned phenomena allow us to shift the focus of the research from the development of the most accurate submodels to finding a compromise between the accuracy of modeling and computational efficiency. Returning to our problem of finding an approximation for the absorption efficiency factor we can say that the relatively weak dependence of droplet heating and evaporation on the accuracy of this approximation gives us an additional argument in favor of using an approximate formula ͑1͒ instead of the detailed Mie calculations of the distribution of thermal radiative absorption inside droplets. In contrast to the model described in this paper, the implementation of the model, based on Mie calculations, into CFD codes would be infeasible.
Conclusions
The values of absorption coefficients of gasoline fuel ͑BP Pump Grade 95 RON ULG͒, 2,2,4-trimethylpentane ͑iso-octane͒ and 3-pentanone have been measured experimentally in the range of wavelengths 0.2-4 m. Ultraviolet -visible spectra ͑0.2-0.8 m͒ have been obtained using an UV-visible spectrophotometer Shimadzu, model 1601. In the range 0.4-4 m the absorption coefficients have been measured using a Fourier transform infrared spectrometer ͑Nicolet FT-IR Avatar͒. The values of the indices of absorption calculated based on these coefficients have been shown to be similar to those obtained earlier for low sulphur ESSO AF1313 diesel fuel. For all fuels, the region of semi-transparency in the range 0.5 m ϽϽ1 m is illustrated. The index of absorption increases by approximately three orders of magnitude when increases from 0.5 m to 1.5 m. At the same time, noticeable differences between the indices of absorption of the fuels can be identified. For example, the peak of absorption of diesel fuel at Ϸ 3.4 m is much more pronounced than the corresponding peaks of absorption of other fuels. Also, the value of when this peak is observed is close to 3.4 m for diesel fuel, and close to approximately 3.0 m for other fuels.
The values of this index tend to be lower for pure substances ͑e.g., iso-octane and 3-pentanone͒ than for diesel and gasoline fuels.
It has been shown that the main contribution to the average absorption efficiency factor is expected to come from radiation at wavelengths less than 4 m for the range of external temperatures between 1000 K and 3000 K. The value of this factor has been approximated by a power function aR d b , where R d is the droplet radius. Coefficients a and b are approximated by piecewise quadratic functions of the radiation temperature, with the coefficients calculated separately in the ranges of radii 2 -5 m, 5-50 m, 50-100 m, and 100-200 m for all fuels. This new approximation has been shown to be more accurate when compared with the case when a and b are approximated by quadratic functions or fourth power polynomials of the radiation temperature, with the coefficients calculated over the entire range 2 -200 m. This difference in the approximations of a and b, however, have been shown to have little effect on the modeling of fuel droplet heating and evaporation in conditions typical for internal combustion engines, especially in the case of diesel fuel and 3-pentanone. h ϭ convection heat transfer coefficient ͑W/͑m 2 K͒͒ h 0 ϭ ͑hR d / k l ͒ −1 h m ϭ mass transfer coefficient ͑m/s͒ k ϭ thermal conductivity ͑W/͑m K͒͒ L ϭ specific heat of evaporation ͑J/͑kg͒͒ m ϭ mass ͑kg͒ n ϭ index of refraction Nu ϭ Nusselt number q n ϭ coefficients introduced in formula ͑A4͒ Q a ϭ efficiency factor of absorption p ϭ pressure ͑Pa͒ p n ϭ coefficients introduced in formula ͑A4͒ P͑R͒ ϭ normalized power generated in unit volume ͑K/s͒ P ͑R͒ ϭ variable introduced in formula ͑A4͒ Pe d ϭ Péclet number Pr d ϭ Prandtl number R ϭ distance from the center of the droplet ͑m͒ R d ϭ radius of the droplet ͑m͒ or ͑m͒ Re ϭ Reynolds number Sc ϭ Schmidt number Sh 0 ϭ Sherwood number of nonevaporating droplets t ϭ time ͑s͒ T ϭ temperature ͑K͒ T 0 ͑R͒ ϭ variable introduced in formula ͑A4͒ v n ͑R͒ ϭ eigenfunctions used in formula ͑A4͒ ʈv n ͑r͒ʈ ϭ parameter introduced in formula ͑A4͒ Transactions of the ASME
a set of positive eigenvalues n numbered in ascending order ͑n =1,2, . . .͒ is found from the solution of the following equation
The dependence of P on R is ignored. Remembering Eq. ͑3͒, P͑R͒ is approximated as
where R is the radiation temperature; and R d͑m͒ is the droplet radius in m. The solution Eq. ͑A4͒ can be generalized to take into account the internal recirculation inside the droplets. This is achieved by replacing the thermal conductivity of liquid k l by the so called effective thermal conductivity k eff = k l , where ͓28͔ Numerical Scheme. If the time step over which droplet temperature and radius are calculated is small, we can assume that h͑t͒= const over this time step. In this case we calculate Ṙ d ͑t =0͒ from Eq. ͑A3͒ and T eff ͑t =0͒. Then the initial condition at t = 0 will allow us to calculate T͑R , t͒ at the end of the first time step ͑T͑R , t 1 ͒͒ using Eq. ͑A4͒. R d ͑t 1 ͒ is calculated based on Eq. ͑A3͒ with the correction swelling of the droplet. The same procedure is repeated for all the following time steps until the droplet is evaporated. The number of terms in the series in Eq. ͑A4͒, which needs to be taken into account, depends on the timing of the start of droplet heating and the time when the value of droplet temperature is calculated. For parameters relevant to the diesel engine environment, just three terms in the series have been used with possible errors of not more than about 1%. 
